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CHAPTER I
INTRODUCTION

Literature Review: Overview of Soybean Production in the United States
Soybean [Glycine max (L.) Merr.] has become one of the main agricultural grain
crops produced in the U.S. The growth in soybean production can be partially attributed
to the oilseeds great protein content. Soybean produces more edible protein ha-1 of arable
land than any other annual crop; therefore soybean meal is currently the world’s major
source of feed protein (Lusas, 2012). In 2013, approximately 76,533,000 ha of soybean
were cultivated in the U. S. with an average yield of 2910 kg ha-1 (USDA-NASS, 2014).
Cultivated soybean ha and soybean yield in the U.S. have steadily increased over the past
20 yr with 24,315,558 ha of soybean planted in 1993 with an average yield of 2192 kg ha1

(USDA-NASS, 2014). In the U.S., soybean yield and production has increased 1.5% yr-

1

on average since 1924 when production statistics were first collected (Egli, 2008). This

steady increase in yield can be accredited to genetic and agricultural management
advances over the same time period (Specht, 1999; Ustun, 2001). Soybean production
continues to increase especially in high yield environments (> 4500 kg ha-1) throughout
the U.S., innovations are constantly needed to sustain gains in soybean yield potential.
In 2013 4,496,866 ha of soybean were planted in the Southern U.S., a region
including the states of Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi,
North Carolina, South Carolina, Virginia, Tennessee, and Texas (USDA-NASS 2014).
1

Between 1995 and 2000, these southern states accounted for approximately 16% of the
total U.S. planted soybean ha, while the Midwestern region of the United States
accounted for the other 84% of planted soybean ha (Heatherly & Elmore 2012).
During 2013, 813,418 ha of soybean were planted in Mississippi which is similar
to ha planted during 1993, 809,371 (USDA-NASS, 2014). However, average yield in
Mississippi has risen from 1479 kg ha-1 in 1993 to 3026 kg ha-1 in 2013 (USDA-NASS
2014). Mississippi follows the national upward trend of steadily increasing soybean yield
over the past 20 yr. Similar to U.S. production, yield trends in Mississippi can also be
attributed to advances in genetics, agricultural management technique (Early season
production systems)and production in environments conducive to high yields (i.e.
irrigated environments). To continue the upward trending soybean yields in Mississippi;
new innovations in current agronomic practices will be required.
Soybean Physiology and Growth Habit
The cultivated soybean is an erect, bushy annual plant of great morphological
diversity (Carlson, 1973). Soybean varies in height from 0.3 to 2.0 m and may be
sparsely or densely branched (Carlson, 1973). The first cotyledon leaves of a soybean
plant are simple and opposite with later formed leaves being trifoliate and alternate.
Soybean produces papilionaceous flowers borne in short axillary or terminal racemes
bearing up to 35 flowers per cluster (Carlson, 1973). Soybean produces fruiting pods
which upon reaching maturity contain one to four seeds each, generally averaging 3
seeds.
Throughout soybean development, a progression of described growth stages exists
used to define the timing and application of many agricultural practices. The soybean
2

plant first undergoes vegetative stages beginning with emergence. The first stage in
soybean growth is emergence (VE). Emergence (VE) is described as when the cotyledons
breach the soil surface and is followed by the cotyledon stage (VC) in which the
unifoliolate leaves unroll so leaf edges are not touching. The first-nodal vegetative stage
(V1) is reached when there are fully developed leaves at the unifoliate nodes; Vegetative
stage (V2) shortly follows and is reached when the first fully developed trifoliate leaf is
formed above the unifoliate. The final vegetative stages are labeled (V3-Vn) in
accordance with number of nodes on the main stem with fully developed trifoliate leaves
(Fehr et al., 1971).
Once flowering begins, the reproductive growth stages, based on flowering, pod
development, seed development, and plant maturation, takes priority to the vegetative
stages (Fehr et al., 1971). When the first flower opens at any node the plant is at the
reproductive stage (R1). Reproductive stage (R2) is reached when a flower opens at one
of the two uppermost nodes of the soybean plant. Beginning pod reproductive stage (R3)
is when a pod 5mm long occurs at one of the four uppermost nodes. Full pod
reproductive stage (R4) is when a pod 2cm long occurs at one of the four uppermost
nodes on the plant. Once the seed within a pod reaches .32 cm long on one of the
mainstem nodes the plant has reached the reproductive stage (R5). The reproductive stage
(R6) is reached when a pod contains a seed that fills the pod cavity on one of the four
uppermost mainstem nodes. Then Reproductive stage (R7) is reached when one pod on
the plant reaches mature color, Reproductive stage (R8) occurs when the plant reaches
full maturity and is ready for harvest (Fehr et al., 1971). The timing of these growth
stages may vary amongst soybean varieties and field conditions. The proper identification
3

of the soybean growth stages can be of great value in making accurate agricultural
management decisions throughout the growth year.
Plant development, from germination through the onset of flowering and on to
maturity, is controlled by photoperiod and temperature (Major et al., 1975). The growth
response of a soybean cultivar to these environmental factors determines under which
maturity group (MG) it is classified. Therefore, different MG’s vary in the timing with
which they proceed through the different growth stages.
Currently there are thirteen recognized MG’s, designated by roman numerals,
starting with “000” for the earliest MG, adapted to the long days and short summers of
southern Canada and northern United States, and ending with “X” for the latest MG,
which is adapted to the short days of tropical regions on either side of the equator
(Poehlman, 1987). Floral induction in southern U.S. cultivars is delayed by long days,
making these cultivars reach physiological maturity too late to be grown in the northern
U.S. Conversely, northern cultivars flower and mature too early when grown in shorter
daylengths of the southern U.S. (Heatherly and Elmore, 2012). The differing cultivars
grown in the northern and southern portions of the USA can cause vast differences, due
to their differing growth habits, in the timing of nutrient needs throughout their growing
season.
In the southern U.S., including Mississippi, MG III and IV cultivars are
considered early season and are utilized in the early soybean production system
(approximately 4.5-month growing season), whereas cultivars in MG’s V, VI, and VII are
considered mid-to-full season and are used for a normal-length growing season
(approximately 5.5-month) (Heatherly and Elmore, 2012). The use of MG information
4

must be coupled with the seasonal growth stages of the soybean so that accurate
application and timing of agricultural management decisions can be properly made.
Soybean Nutritional Demand for High Yield
Soybean demands a great nutrient requirement throughout the growth season.
Nutrient requirements vary by soybean growth stages; differing nutrient content is
necessary for the vegetative growth and reproduction of the soybean plant. During the
first month after seeding or vegetative growth stages, average daily nutrient uptakes are
minimal, being much less than 1 kg ha-1 d-1 for nitrogen (N), phosphorus (P), and
potassium (K). In the second and third month after soybean emergence or reproductive
growth stages, the requirements may reach 8.96 kg N ha-1, .45 kg P ha-1, and 4.48 kg K
ha-1 d-1 (Ohlrogge and Kamprath, 1968). Nutrient requirements increase through the
growing season as the plant prepares for reproduction. N uptake and N concentration
requirement reaches a maximum rate between the R3 and full pod (R4) growth stages
(Heatherly and Elmore, 2012). The composition of soybean seed accounts for its high
nutrient needs. The soybean seed is rich in protein substances (27 to 50% N), nonnitrogenous compounds (23 to 30%), fats (18 to 22%), vitamin complex (B1, B6, B12)
and mineral salts (Deac et. al., 2013).
Nutrients removed from the soil in the harvested soybean seed average an
equivalency of 123.2 kg N, 11.2 kg P, and 39.2 kg K ha-1 across the U.S. Additionally,
other nutrients such as Ca, Mg, S, and micronutrients are removed to a lesser degree
(Heatherly and Hodges, 1999). In 2006 the percentage of planted soybean ha in the U.S.
receiving N fertilization was 18%. Approximately 23% and 25% of planted ha received
phosphate and potash fertilizer, respectively (USDA-NASS, 2014). The fertilized ha in
5

the U.S. received an average rate of 17.92 kg N ha-1, 51.52 kg P ha-1, and 89.6 kg K ha-1
(USDA-NASS, 2014).
In Mississippi, only 6, 14, and 19% of the total soybean ha cultivated received N,
P2O5, and K2O, respectively (USDA-NASS, 2014). The average application rate of
fertilized ha was 11.2 kg N ha-1, 41.44 kg P ha-1, and 41.44 kg K ha-1 (USDA-NASS,
2014). N fertilization on soybean ha observed in these statistics is most probable due to
the usage of DAP, Diammonium Phosphate, (18-46-0) and MAP, Monoammonium
Phosphate, (11-42-0) phosphate fertilizers accounting for the small amounts of N
fertilizer applied.
Soybean belongs to the Leguminosae family and has the capacity to acquire N
from the atmosphere through biological fixation as well as the ability to utilize available
soil derived N (Heatherly and Hodges, 1999). Symbiotic biological N fixation allows for
the soybean to fulfill its high N demand in many production situations. In order for the
soybean to achieve biological N fixation, a symbiotic relationship must be formed
between the plant and a rhizobium bacteriod. Nodules containing the bacteria are formed
on the root of the plant and major characteristics of these nodules include Rhizobium
cells that have differentiated into bacteroids, a sometimes pleiomorphic form capable of
N2 reduction; the bacteroid-containing plant cells, which provide energy and O2
protection for N2 fixation as they assimilate NH3; and vascular tissue for importing
photosynthate and exporting fixed-N compounds (Hauck, 1984).

6

Characterization of Nitrogen Sources
Three N sources will be evaluated to determine the optimal N source for soybean
fertilization. These sources include ammonium sulfate (AMS; 21-0-0-24S), polymer
coated urea (PCU; 44-0-0), and urea+NBPT (urea+NBPT; 46-0-0). Sources were chosen
for their availability and common use in Mississippi and the Mid-South. Ammonium
Sulfate is produced as a byproduct of steel manufacturing and delivers N as readily
available ammonium (NH4+) form (Slack, 1966). Ammonium Sulfate historically was one
of the major N fertilizer forms utilized in the mid twentieth century but has continued to
see declining usage due to the low percentage of total N available in the product (Slack,
1966).
Urea is the most commonly utilized form of N fertilizer today accounting for
>50% of global nitrogenous fertilizer usage (Glibert, 2006). Urea is produced by a
process which synthesizes ammonia and carbon dioxide under elevated temperature and
pressure (Slack, 1966). Urea fertilizer provides N in the form of (NH2)2CO2, which must
undergo hydrolysis catalyzed by the enzyme urease in order to become available to the
plant. Volatilization of NH3 during the hydrolysis process of urea is the major
inefficiency associated with this N form, as N losses through volatilization can be as
great as 70% (Antisari et al., 1996; Bayrakli, 1990). N-(n-butyl) thiophosphoric tiramide
(NBPT) is a urease inhibiting product which slows the rate at which urea is hydrolyzed in
the soil therefore reducing the risk of volatilization associated with the use of urea
(Trenkel, 2010; Norman et al., 2009; Clay et al., 1990). Polymer Coated Urea utilizes a
polymer coating to protect N by encapsulating urea within a polymer shell, minimizing N
exposure to loss mechanisms and releasing N based on temperature and soil moisture
7

(Golden et. al, 2011). These sources will be evaluated for their efficiency when utilized
as N fertilizer additions to soybean.
Research Evaluating Nitrogen Application to Soybean
Nitrogen is required in the greatest quantity of all plant nutrients absorbed from
the soil, and is present in all amino acids, which are the building blocks of protein,
nucleic acids, and chlorophyll, required by all plants (Jones et al., 1991). Symbiotic
biological N fixation, uptake of residual N, or N fertilizer are the main sources for
meeting the N requirements of soybeans in high yielding environments (Salvagiotti,
2008). Soybean plants utilize either direct root uptake of NO3 or NH4 from the soil
environment or the N2 fixed from the atmosphere by rhizobium in root nodules.
However, it has been reported that the minimum theoretical biological cost of N
assimilation via N2 fixation can be as much as 36% greater than that for NO3 uptake and
reduction (Pate and Layzell, 1990).
Because biological N fixation requires Adenosine triphosphate (ATP) from the
plant in order to break di-nitrogen bonds, a direct uptake of soil-N by the plant root may
increase yield potential by decreasing energy requirements for N uptake. The amount of
N2 fixed by biological N fixation is primarily controlled by four principal factors; the
effectiveness of the rhizobia-host plant symbiosis, the strength of the sink, (i.e., the
ability of the host plant to accumulate N) the amount of available soil-N, and
environmental constraints to N2 fixation (Van Kessel and Hartley 1999). In order to
increase soybean yield potential these four factors must be balanced.
Antagonism between NO3-N concentration in the soil solution and the N2 fixation
process in nodules is the main constraint soybean faces in terms of increasing N uptake
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(Streeter, 1988). To increase the yield potential of soybean, the added soil-N must not
interfere with N2 fixation by hindering the ability of root nodules to form or receive N
from the air. Observations with starter fertilizer N application have shown negative
effects on the formation of root nodules at critical growth stages and decreased biological
N fixation by restricting the amount of available N via biological N fixation (Johnson,
1987; Varco, 1999). Maximum N2 fixation has been reported to occur between R3 and
R5 stage of soybean development and any difference between crop N demand and N
supply by fixation must be met by N uptake from other sources (Zapata et al., 1987). N
must then be either absorbed from the soil or remobilized within the plant from the leaves
to the developing seeds within the pods.
Nitrogen in the plant exists in leaves primarily as ribulose biphosphate
carboxylase/oxygenase with a strong relationship between N per unit leaf area and
photosynthesis (Sinclair, 2004). Therefore, if N demand must be met by the
remobilization of N within the plant yield potential can decrease with a decrease in plant
photosynthesis due to the loss of N content in the leaves. In order to reach maximum
yield potential of the plant, any N required to maximize pod fill but above the quantity
supplied from biological N fixation alone must come from soil-N. N requirement at pod
fill could theoretically be met with a late-season N fertilizer application supplying
available N at times of critical N uptake through the R3 to R6 stages of development.
Previous literature regarding biological N fixation have shown that plants relying
on fixed N for growth may achieve only 80 to 90% of the yield possible with N
fertilization (Sisbury, 1977; Ryle et al., 1979; Thies et al.,1991). Harper (1974) reported
only 25 to 60% of N in soybean dry matter originated from symbiotic N2 fixation, the
9

remainder was supplied from soil-N (Harper, 1974). Although biological N fixation
accounts for much of the soybean N requirement; additional N fertilization may be
necessary to achieve maximum soybean yield.
Soybean yield potential has been defined as the maximum yield of a crop cultivar
grown in an environment to which it is adapted, not limited by nutrient and water
availability, and pests and diseases effectively controlled (Evans, 1993). Little research
has been conducted on the effects of N additions to soybeans on southern soils with
varied results. Many attempted studies (Freeborn et al., 2001; Barker and Sawyer, 2005;
Gan, 2008; Wingeyer, 2014) reported inconsistent or no responses to the addition of N
fertilizer on soybean. These studies attributed the inconsistency to climate or soil
variations and no definitive results could be reported. However, limited research (Wesley
et al., 1998; Wood et al., 2013; Salvagiotti, 2009) showed a positive correlation between
supplemental N applications and soybean yield in high yield environments (> 4500 kg ha1

). (Wesley et al. 1998) reported significant yield increases at six of eight irrigated sites in

Kansas with the addition of N at 22 and 45 kg N ha-1 during the R3 growth stage. Wesley
et al. (1998) reported yield increases significant enough to conclude that the addition of N
fertilizer should be considered during reproductive development in high yielding
environments. Salvagiotti et al. (2009) reported grain yield increases in high yielding
environments (> 4500 kg ha-1) due to N fertilization. Observations with N source
influences allowed Salvagiotti et al. (2009) to conclude that deep placement of slow
release urea resulted in less suppression of biological N fixation than surface
applications. Wood et al. (2013) reported an increase in grain yield due to N fertilizer
additions at five of seven locations in Alabama. This is one of few studies that evaluated
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the effect of N application on southern soils and in the southern climate. In this research,
yield responses were observed on multiple soil series; Norfolk, Wynville, Dothan, and
Decatur. Wood et al. (2013) observed an increase in grain yield with the addition of N
fertilizer at first flower (R1) and greater yield increases with N addition at early pod fill
(R5). Although Wood et al. (2013) reported a positive yield response and high potential
of N fertilizer application at the reproductive stages, neither application timing nor
application rate allowed for a definitive conclusion on the effectiveness of the N
application.
Conclusion
Biological N fixation is the main benefit soybean possesses over other annually
seeded row crops. Soybean requires great N demand throughout the growing season. To
fulfill N demand, soybean must utilize biological N fixation or the uptake of soil derivedN. Literature suggests that only 80 to 90% of soybean yield potential may be met by
biological N fixation in high yielding environments. Nitrogen requirements at seed fill
above the quantity supplied by biological N fixation, must be met by the remobilization
of N from vegetative growth or absorbed from soil derived N. To avoid a decrease in
plant photosynthesis due to the remobilization of N, N requirements must be met by
biological N fixation and available soil-N.
Research with N fertilizer additions suggest that N demands of soybean in high
yielding environments may be met with supplemental N fertilizer applications during
reproductive stages. Avoiding the inhibition of biological N fixation is the main
constraint faced in terms of increasing soybean yield potential through supplemental N
fertilizer applications. Previous literature has shown negative effects utilizing starter N
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fertilizer applications. However, limited research has shown yield increases with N
fertilizer additions during reproductive stages in high yielding environments. Little
research exists regarding the use of N fertilizer additions on southern soils and in the
southern climate.
The primary objective of this research project is to evaluate the influence of
supplemental N applications to soybean in high yielding environments. N fertilizer will
be applied to soybean in historical high-yielding environments on two common
Mississippi soils cropped to soybean. Multiple N sources will be evaluated at multiple
total N rates applied at varying soybean growth stages to assess their influences on
soybean growth and grain yield. The ultimate goal of this project is to evaluate the
influence of N fertilizer additions on soybean produced in the mid-south early-season
production system. Our overall hypotheses is that N fertilizer additions may increase
soybean growth and grain yield in high yielding, irrigated environments.
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CHAPTER II
SOYBEAN YIELD RESPONSE AND DISTRIBUTION AS INFLUENCED BY
SUPPLEMENTAL NITROGEN APPLICATION.

Abstract
Field studies were conducted in 2014 and 2015 in Stoneville, MS, to evaluate
soybean aboveground biomass and grain yield response to supplemental N fertilization.
Studies were carried out on two commonly cropped Mississippi soils, soil with CEC <20
and soil with CEC >20. The primary objective of this research was to evaluate the
influence of supplemental N applications to soybean and observe any differences among
N rate, N source, and application timings. Soybean aboveground biomass was observed
to be significantly influenced by the main effects of application timing, N rate, and N
source on CEC <20 soil, while soil with CEC >20 exhibited no response to any
experimental factor influencing aboveground biomass. On soil with CEC <20 and soil
with CEC >20, soybean receiving N fertilization (> 0 kg N ha-1) was observed to exhibit
mean soybean grain yields greater than soybean receiving no N (0 kg N ha-1); however no
differences were observed for N rates > 0 kg N ha-1. Polymer coated urea was observed to
produce the greatest grain yields on soil with CEC <20. However, the main effect of N
rate appeared to be most critical factor influencing soybean grain yield across soils. The
main effect of N rate significantly influenced yield components, paralleling soybean grain
yield. N fertilizer additions were able to fulfill soybean N requirement and increase the
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overall grain yields of the soybean plant in high yielding environments (>4500 kg ha-1)
on two common Mississippi soils in the mid-south production system.
Introduction
Soybean (Glycine max (L.) Merr.) production in Mississippi reached an all-time
high (930,797 ha) during 2015, with a state average yield of 2887 kg ha-1 (USDA-NASS,
2016). Average soybean yield in Mississippi in 1995 was 1318 kg ha-1. These production
statistics represent a 220% yield increase over a twenty year period (USDA-NASS,
2016). As a whole, U.S. soybean grain yield and production has increased an average of
1.5% yr-1 since 1924 when production statistics were first collected (Egli, 2008). The
increasing yield trend in Mississippi and within the midsouthern U.S. can be partially
attributed to advances in genetics, improved agricultural management, and continued
increases in planted hectares in high-yielding environments (i.e. irrigated environments)
(Specht, 1999; Ustun, 2001).
Soybean demands a great nutrient requirement throughout the growing season to
produce high yield (Ohlorgge and Kamprath, 1968). Soybean seed is an abundant sink for
nutrients and stores approximately 63% of the total nutrients taken up during the growing
season (Ohlrogge and Kamprath, 1968). Soybean seed is rich in protein substances (27 to
50% N), non-nitrogenous compounds (23 to 30%), fats (18 to 22%), vitamin complex
(B1, B6, B12) and mineral salts (Deac et al., 2013). Soybean daily nutrient requirements
may reach 8.96 kg nitrogen (N) ha-1, .45 kg phosphorus (P) ha-1, and 4.48 kg potassium
(K) ha-1 d-1 during reproductive stages (Ohlrogge and Kamprath, 1968). Nutrients
removed from the soil in harvested soybean seed average an equivalency of 123 kg N, 11
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kg P, and 39 kg K per ha-1 across the U.S. (Heatherly and Hodges, 1999). Additionally,
other nutrients such as Ca, Mg, S, and micronutrients are removed to a lesser degree.
In 2006 the percentage of planted soybean ha in the U.S. receiving N fertilization
was 18% (USDA-NASS, 2014). Approximately 23% and 25% of planted ha received
phosphate and potash fertilizer, respectively (USDA-NASS, 2014). The fertilized ha in
the U.S. received on average 18 kg N ha-1, 52 kg P ha-1, and 90 kg K ha-1 (USDA-NASS,
2014). Alternatively, only 6, 14, and 19% of the total soybean ha in Mississippi received
N, P, and K fertilizers, respectively (USDA-NASS, 2014). The average application rates
in Mississippi were 11 kg N ha-1, 41 kg P ha-1, and 41 kg K ha-1 (USDA-NASS, 2014).
Nitrogen fertilization of soybean ha observed in these statistics is most likely due to the
use of, diammonium phosphate, (DAP:18-46-0) and monoammonium phosphate,
(MAP:11-42-0) as phosphate fertilizers accounting for the small amounts of N fertilizer
applied.
Nitrogen is required in the greatest quantity of all plant nutrients absorbed from
the soil, and is present in all amino acids, which are the building blocks of protein,
nucleic acids, and chlorophyll, required by all plants (Jones et al., 1991). Soybean
belongs to the Leguminosae family and has the capacity to acquire N from the
atmosphere through biological fixation as well as the ability to utilize available soilderived N (Heatherly and Hodges, 1999). Symbiotic biological N fixation allows for the
soybean to fulfill its great N demand in many production situations. Symbiotic biological
N fixation, uptake of residual soil-N, or N fertilizer are the main sources for meeting the
N requirements of soybeans in high yielding environments (>4500 kg ha-1) (Salvagiotti,
2008).
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Previous literature regarding biological N fixation has shown that soybean relying
on fixed-N for growth may achieve only 80 to 90% of the yield possible with N
fertilization (Silsbury, 1977; Ryle et al., 1979; Thies et al.,1991). Furthermore, the
minimum theoretical biological cost of N assimilation via N2 fixation can be as much as
36% greater than that for NO3- uptake and reduction (Pate and Layzell, 1990).
Harper (1974) reported 25 to 60% of N in soybean dry matter originated from symbiotic
N2 fixation, and the remainder was supplied from soil-N. Observations with starter
fertilizer-N application have shown negative effects on the formation of root nodules at
critical growth stages and decreased biological N fixation by restricting the amount of
available N via biological N fixation (Johnson, 1987; Varco, 1999). Maximum N2
fixation has been reported to occur between R3 and R5 soybean growth stages and any
difference between crop N demand and N supply by fixation must be met by N uptake
from other sources (Zapata et al., 1987).
Little research has been conducted on the influence of supplemental N addition to
soybean produced on southern soils with authors reporting varied results. Freeborn et. al.,
(2001), Barker and Sawyer (2005), Gan (2008) and Wingeyer (2014) reported
inconsistent or no soybean responses to the addition of N fertilizer. These studies
attributed the inconsistency to climate or soil variations. However, limited research
(Wesley et. al., 1998; Wood et al., 2013; Salvagiotti, 2009) reported a positive correlation
between supplemental N application and soybean yield in high yielding environments;
(i.e. irrigated environments) with yields >3500 kg ha-1 (Heatherly and Elmore, 2014).
Wood et al., (2013) reported an increase in grain yield due to N fertilizer additions at five
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of seven locations in Alabama. Limited research has been conducted evaluating the
influence of N additions in high yielding environments on soils in the mid-south.
The primary research objective was to evaluate soybean aboveground biomass
and grain yield response to supplemental N fertilization. Secondary objectives of this
research were i) Determine the optimal N source for soybean fertilization, ii) Determine
the appropriate N application rate, iii) Determine the appropriate N application timing for
two common Mississippi soils cropped to soybean. The ultimate goal of the research is to
provide a greater understanding of the early- and/or late-season N fertilizer response of
soybean in a high yielding environment and provide data for accurate management
decisions on the use of supplemental N addition for soybean cultivated in high-yielding
environments. We hypothesized that supplemental N fertilizer may increase aboveground
biomass and grain yield of soybean in high yielding environments (>3500 kg ha-1).
Materials and Methods
Description of Sites
Four field experiments, two each in 2014 and 2015 were conducted to determine
the influence of N fertilizer addition to soybean cultivated in high yielding environments.
Experiments were established in three fields at the Mississippi State University Delta
Research and Extension Center near Stoneville, MS, with a history of high soybean
yields (>4500 kg ha-1). Each year the experiment was conducted the experimental fields
represented a silt-loam or courser textured soil (CEC <20) and a clay soil (CEC >20) that
are commonly cropped to soybean within Mississippi. In 2014, experiments were
established on a Commerce very fine sandy loam (Fine-silty, mixed, superactive,
nonacid, thermic Fluvaquentic Endoaquepts; N 33o 26.02’ – W 90o 54.34’; CEC <20) and
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a Tunica clay (Clayey over loamy, smectic over mixed, superactive, nonacid, thermic
Vertic Epiaquepts; N 33o 25.05’ – W 90o 54.19’; CEC >20). In 2015 experiments were
established on a Dubbs silt loam (Fine-silty, mixed, active, thermic Typic Hapludalfs; N
33o 24.55’ – W 90o 54.07’; CEC <20) and a Tunica clay (Clayey over loamy, smectic
over mixed, superactive, nonacid, thermic Vertic Epiaquepts; N 33o 25.05’ – W 90o
54.19’; CEC >20).
For experiments conducted in 2014, at the Commerce very fine sandy loam site
corn [Zea Mays L.] was the previous crop grown and at the Tunica clay site soybean
[Glycine max (L.) Merr.] was the previous crop grown. For experiments conducted in
2015 corn was the previous crop grown for both the Dubbs silt loam and the Tunica clay
site. Eight composite soil samples (two per replicate) were collected from the 0-to 15-cm
depth at each experimental site before planting. Each composite sample consisted of
eight, 2.5 cm diameter cores. Soil samples were oven-dried, crushed to pass through a 2mm sieve, and extracted with Mehlich-3 (Mehlich, 1984). Mehlich-3 extracts were
analyzed using inductively coupled atomic plasma spectroscopy (ICPS, Soltanpour et al.,
1996). Soil water pH was determined in a 1:2 soil weight:water volume ratio using a
glass electrode. The mean values of selected soil chemical properties are listed in Table
2.1. Approximately 67 kg P ha-1 (Triple Superphosphate 0-45-0), 112 kg K ha-1 (Potash
0-0-60), and 11 kg S (Gypsum 0-0-0-17S) ha-1 were added to all plots to ensure these
nutrients were not yield limiting.
Each year, weeds were controlled with a mixture of sulfentrazone at 0.15 kg ai ha1

(N-[2,4 dichloro-5-[4-(difluoromethyl)-4,5-dihydro-3-methyl-5-oxo-1H-1,2,4-triazol-1-

yl]phenyl]methanesulfonamide), plus metribuzin at 0.23 kg ai ha-1 (4-amino-6-(1,122

dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one), plus 1.07 kg ai ha-1 Smetolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-methoxy-1methyethyl]acetamide) applied to the soil surface prior to soybean emergence. This was
followed by a V3 growth stage application mixture of S-metolachlor at 1.07 kg ai ha-1 (2chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-methoxy-1-methyethyl]acetamide) plus
glyphosate at 1.54 kg ae ha-1 (N-(phosphonomethyl)glycine). Soybean management
closely followed the Mississippi State University Extension Service recommendations for
stand establishment, pest management, and irrigation management.
Treatments
The soybean variety ‘Pioneer 49t80’ was seeded into conventionally tilled plots
measuring 4.05 × 10.6-m at 333,585 seed ha-1 via John Deere 1700 air planter (John
Deere, Deer and Company, One John Deere Place Moline, IL). Each plot consisted of
four rows of soybean spaced 101.6-cm apart separated by a perpendicular alley 3-m
across.
Nitrogen sources included ammonium sulfate (AMS; 21-0-0-24S), polymer
coated urea (PCU; 44-0-0), and urea+NBPT (46-0-0). Sources were chosen for their
availability and common use in Mississippi and the Mid-South. The PCU product utilized
was Environmentally Smart Nitrogen (Agrium Inc. 13131 Lake Fraser Drive S.E.
Calgary, Alberta). Environmentally Smart Nitrogen is characterized by Agrium as having
80% N release at a minimum of 30 d and a maximum of 60 d (23oC) (Agrium U.S. Inc.,
2004). The NBPT product Agrotain (Koch Agronomic Services, 4111 East 37th St N
Wichita, KS) was utilized to coat dry urea fertilizer and limit N loss from urea via
ammonia volatilization.
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All N sources were broadcast by hand to randomly assigned plots at total-N rates
of 0, 45, 90, 135, and 179 kg N ha-1. Applications of N sources and rates were applied at
the V4 or R1 soybean growth stage. Application timings were based on previous research
to maximize N availability at critical N requirement growth stages (Heatherly and
Elmore, 2012). The dates of several important agronomic events are listed in Table 2.2.
Measurements
Aboveground plant biomass samples were collected at the R5 growth stage to
determine biomass of soybean. Values previously reported suggest that 70% of the
soybean final R7 aboveground plant biomass is present at the R5 growth stage (Hanway
and Weber, 1971; Hanway et al. 1984). Whole aboveground portions of soybean plants
were collected from a 1-m section of row in the first row of each four-row plot. After
collection, aboveground portions of soybean plants were oven-dried and mass for each
sample was determined using a calibrated Denver Instrument Company XE series model
400 balance (Denver Instrument Company, 5 Orville Dr.; Bohemia, NY).
At harvest maturity and prior to mechanical harvest, individual plant samples
were collected from the outside two rows of each four-row plot to generate plant mapping
data. Five plants were randomly selected from these two rows, cut at the base and taken
to the lab for dissection and yield component analysis. By plot, plants were individually
analyzed by determining the number of pods per node, the number of seeds per pod at
each node, and the seed weight at each node on the plant. Pods at each node were initially
weighed using a calibrated Denver Instrument Company XE series model 400 balance
(Denver Instrument Company, 5 Orville Dr.; Bohemia, NY). After initial weighing, pods
and seeds were separated with a laboratory thresher (Agriculex, 1-59 Suburban Ave.;
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Guelph, Ontario, Canada N1E 6B4) and total seed weight was determined. Means were
then calculated for each measurement parameter from the five plants per plot. In 2014 at
the Dubbs Silt Loam site, seed weights per node were not collected.
A small-plot combine (Kincaid Equipment, 210 West First St., P.O. Box 400;
Haven, KS) was used to harvest the middle two rows of each plot. Soybean yields were
collected and adjusted to 13% moisture content for yield analysis.
Statistics
Individual experiments were designed as a randomized complete block with a 2
(application time) × 3 (N source) × 5 (N rate) factorial treatment arrangement. Each
treatment was replicated four times. Treatment means for soybean grain yield, total
aboveground biomass, and yield component data were calculated across replicates for
each siteyear. Initial analysis showed that while there were differences among siteyears,
there were no differences among siteyears when classified by soil CEC.
Classified by soil CEC, data was subjected to ANOVA using the PROC MIXED
procedure in SAS v. 9.4 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 275132414, USA) with experimental replication (nested within application time) as a random
effect parameter (Blouin et al. 2011). Type III Statistics were used to test the fixed effects
of application time, N source, and N rate for soybean grain yield, total aboveground
biomass, and yield component data (total pods, total seeds, and total seed weight). Least
square means were calculated and mean separation (p < 0.05) was produced using
PDMIX800 in SAS, a macro for converting mean separation output to letter groupings
(Saxton 1998).
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Results and Discussion
Total Aboveground Biomass
Soil with CEC <20
The main effects of application time, N source, and N rate were observed to
influence soybean biomass at the R5 growth stage on soil with CEC <20 (Table 2.3).
Averaged across N source and N rate, N applied at V4 produced greater total
aboveground biomass (4050 kg ha-1) than N applied at R1 (3830 kg ha-1; Table 2.5). The
earlier application timing possibly allowed for greater N uptake during the latter
vegetative stages, producing an increase in plant biomass. N applied at R1 plausibly was
accumulated in seed rather than vegetative growth, as the N sink within the soybean
transfers to seed once reproduction has begun accounting for >60% of accumulated N
(Bender, 2015). N uptake has been reported to increase by 18% during reproductive
stages (Bender, 2015). Similarly, differences among plant biomass at R5 influenced by
application timing were observed by Salvagiotti et al. (2009) showing earlier available N
was accumulated in plant biomass. The authors concluded that early-season biomass
response allowed for greater remobilization of N from vegetative components during pod
fill correlating to increased yield (Salvagiotti, 2009). These conclusions were supported
by the suggestion that accumulation of N in vegetative tissues is a resource plants can
utilize to meet a large seed demand for N if other N availability is insufficient (Zeiher et
al., 1982).
Soybean aboveground biomass was also influenced by the main effect of N source
(Table 2.3). Averaged across application timing and N rate, urea+NBPT produced greater
mean aboveground biomass when compared to either AMS or PCU, averaging 4108,
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3903, and 3809 kg ha-1 of aboveground biomass, respectively (Table 2.6). Earlier
available N supplied by urea+NBPT was possibly accumulated and converted by the
plant to vegetative growth
Soybean aboveground biomass was significantly influenced by N rate for
experiments conducted on soil with CEC <20 (Table 2.3). Averaged across N source and
application time, 135 kg N ha-1 produced the greatest mean aboveground biomass weight
(mean = 4161 kg ha-1) (Table 2.7). Similar mean aboveground biomass was produced
with 179 kg N ha-1. Soybeans receiving 45 kg N ha-1 and 90 kg N ha-1 produced similar
aboveground biomass to that of 179 kg N ha-1, but were also similar to 0 kg N ha-1. Ray
et al. (2005) showed similar results and concluded N fertilization on soybean resulted in
an increase in aboveground biomass at R6. Soil-N availability positively affected soybean
aboveground biomass in which earlier available soil-N was accumulated and utilized by
the plant as vegetative growth, however no association among N source or application
time influence was observed among aboveground biomass and grain yield on soil with
CEC <20 in our research.
Soil with CEC >20
Total aboveground biomass on soil with CEC >20 was observed to not be
influenced by N source, N rate, application timing, nor their interactions (Table 2.4). The
absence of a biomass response to N fertilization on soil with CEC >20 could be attributed
to a variety of reasons. The greater organic matter content (1.5%) compared to that of the
soil with CEC <20 (<1%) could have contributed to a greater rate of N mineralization
available for early season vegetative growth of the soybean. Previous research has
reported soils with greater organic matter content (>1%) could result in preferential
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uptake of NO3--N and reduced N from nodulation (Mastrodomenico and Purcell, 2012).
The greater organic matter content could have allowed for a greater rate of N
mineralization resulting in a greater amount of available soil-N for plant uptake during
vegetative stages compared to that of soil with CEC <20.
Soybean Grain yield
Soil with CEC <20
Application timing nor its interaction with N source, N rate or both, affected mean
soybean grain yields for research conducted on soil with CEC <20 (Table 2.3). Soybean
grain yield was significantly influenced by the main effect of both N source and N rate.
Averaged across application time and N source, mean soybean grain yield from plots
receiving 45, 135, or 179 kg N ha-1 were similar and greater than plots that did not
receive N (0 kg N ha-1) (Table 2.8). Soybean receiving 90 kg N ha-1 produced similar
mean grain yield to all other N application rates as well as 0 kg N ha-1. Similarly, Wesley
et al. (1998) concluded that although late-season N fertilization increased grain yields, N
rates > 0 kg N ha-1 produced similar soybean yield.
Soybean grain yields were also influenced by the main effect of N source (Table
2.3). Pooled across application time and N rate, soybean grain yield as affected by N
source followed the order of magnitude of PCU=AMS, PCU >Urea+NBPT, and
AMS=Urea+NBPT (Table 2.9). Polymer coated urea produced the greatest grain yield
(5984 kg ha-1). Urea+NBPT produced the lowest grain yield at 5836 kg ha-1, while AMS
produced grain yields similar to both PCU and urea+NBPT (5935 kg ha-1). Polymer
coated urea, a slow release fertilizer, may have resulted in the least antagonism between
NO3--N concentration within the soil solution and the N2 fixation process. This may have
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limited nodule inhibition and therefore the plant was able to maximize N uptake from
both soil available and biologically fixed N. Previous literature has reported NO3--N
antagonism within the soil solution and the N2 biological fixation process is the main
constraint soybean faces in terms of increasing N uptake (Streeter, 1988). Similar results
evaluating multiple N sources were observed by Salvagiotti et al. (2009) suggesting that
slow-releasing urea placed below the nodulation zone resulted in less biological N
fixation repression compared to that of late season surface applied urea. In our research N
fertilizer additions increased soybean grain yield on soil with CEC <20, while there were
no differences among N rates > 0 kg N ha-1.
Soil with CEC >20
N source, application timing nor their interactions with N rate or one another
affected mean soybean grain yield for research conducted on soil with CEC >20 (Table
2.4). Soybean grain yield was significantly influenced by the main effect of N rate for
experiments conducted on soil with CEC >20. Averaged across N source and application
time, mean soybean grain yield from plots receiving 90 and 179 kg N ha-1 were similar
and greater than plots that did not receive N (0 kg N ha-1) averaging 5023 kg ha-1 and
4963 kg ha-1 respectively (Table 2.10). Soybean receiving 45 and 135 kg N ha-1 produced
similar grain yields to all other N application rates averaging 4818 kg ha-1 and 4827 kg
ha-1 respectively; however, these rates also produced similar mean grain yield to 0 kg N
ha-1 (4626 kg ha-1). Wesley et al. (1998) and Wood et al. (2013) reported similar results
where a late-season N fertilizer response was observed, but N rates > 0 kg N ha-1
produced similar grain yields, coinciding with our research on soil with CEC <20.
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Yield Component Analysis
Soil with CEC <20
Yield components are morphological characteristics of the plant whose formation
is critical to yield production (Egli, 1998). These yield components are the characteristics
through which dry matter accumulation affects yield. In our experiment we investigated
the addition of N on three yield components; total pods, total seeds and total seed weight.
The main effect of N rate affected both mean total pods and mean total seeds per plant for
research conducted on soil with CEC <20 (Table 2.3). Although N rate was significant,
an increase in mean total pod number above soybean receiving no N (0 kg N ha-1) was
achieved with the lowest N rate (45 kg N ha-1); thereafter additional pods achieved with
greater N rates were similar among rates (Table 2.11).
Soybean mean total seeds plant-1 was influenced by the main effect of N rate for
experiments conducted on soil with CEC <20. Soybean that received N fertilization
produced greater mean seeds plant-1 than soybean that did not (Table 2.12). Averaged
across application time and N source, mean seed plant-1 from plots receiving 45, 90, 135,
or 179 kg N ha-1 were similar and greater than plots that did not receive N (0 kg N ha-1).
Previous research concluded that soybean grain yield is controlled by the yield
components; seed number m-2 and seed size m-2 (Kahlon 2010). In our research on soil
with CEC <20 the trend observed in seed number plant-1 increasing due to N fertilization
parallels a similar observed trend with soybean grain yield response to N rates > 0 kg N
ha-1.
Unlike mean total pods and mean total seeds, mean total seed weight plant-1 was
influenced by the application time × N rate interaction (Table 2.3). Averaged across N
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source, soybean receiving 45 kg N ha-1 at the V4 application time produced the greatest
mean total seed weight plant-1 (26.42 g plant-1), while 90 kg N ha-1 applied at the R1
application time produced the least total seed weight plant-1 (21.01 g plant-1). All other N
rates and application times produced statistically similar mean total seed weight to
soybean receiving no N (0 kg N ha-1) (Table 2.13). The interaction observed was due to
the decrease in mean total seed weight from the V4 application timing compared to that
of the R1 application timing for 45 and 90 kg N ha-1. When 45 and 90 kg N ha-1 were
applied, a decrease of 15.6% and 14.1% from V4 to R1 application timing was observed
respectively. The greatest N application rates evaluated, 135 and 179 kg N ha-1, produced
similar mean seed weight plant-1 across application timings on soil with CEC <20.
Soil with CEC >20
Analysis of yield components for experiments conducted on soil with CEC >20
suggested the N source × application time interaction affected total pod number (Table
2.4). In general, across sources differential responses existed. For two of the three N
sources (AMS and PCU) mean total pods were greater when N was applied at V4. For
example when PCU was the N source, mean total pods were 59 and 51 for the V4 and R1
application time, respectively (Table 2.14). However, when urea+NBPT was the N
source mean total pods were similar regardless of application time.
Mean total seeds plant-1 was significantly influenced by the main effect of N rate
as well as the application time × N source interaction. Averaged across application time
and N source, as N rate increased above 0 kg N ha-1 mean total seed number increased on
soil with CEC >20 (Table 2.15). All N rates > 0 kg N ha-1 produced similar mean total
seeds plant-1. Similarly, Salvagiotti et al. (2009) documented that seed yield was
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positively correlated with seed number increases due to N fertilization. The observed
increase in mean number of seeds plant-1 above 0 kg N ha-1 suggests that N availability
during pod fill positively correlated with the number of seeds the soybean plant was able
to produce. In our research on soil with CEC >20, increases observed in seed number
plant-1 due to N fertilization parallels the trend observed with soybean grain yield
response to N rates > 0 kg N ha-1.
The interaction of application timing × N source pooled across N rate
significantly influenced the mean total seeds plant-1 on soil with CEC >20. At the V4
application timing mean total seeds plant-1 were similar among N sources. However, a
significant decrease in mean total seeds plant-1 was observed amongst timings by the N
source PCU (Table 2.16). Polymer coated urea was observed to exhibit an approximately
12% decrease in mean total seeds per plant from the V4 to R1 application timings
producing the interaction observed for mean total seeds plant-1. N sources of AMS and
urea+NBPT produced similar mean total seeds plant-1 across application timings.
Observations in mean total seeds plant-1 corresponded with interactions observed among
mean total pods plant-1. Interactions observed among PCU application timings could
plausibly be attributed to a significant rainfall events. With little physical impediments
existing on the soil surface, significant rainfall could have carried the PCU capsules off
target and into drainage. This movement could plausibly have resulted in the decrease
observed due to application timing from N source PCU.
Mean total seed weight plant-1 was influenced by the main effect of N rate for
experiments conducted on soil with CEC >20. Averaged across N source and application
time, mean total seed weight plant-1 from plots receiving 45, 90, 135, and 179 kg N ha-1
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were similar and greater than plots that did not receive N (0 kg N ha-1) (Table 2.17).
Mean total seed weight differences for soybean that received N fertilization directly
correspond to the observed trend of the main effect of N rate influencing the mean total
number of seeds plant-1. In general, the greater number of seeds plant-1 renders a greater
mean total seed weight plant-1.
Conclusions
In our research on soil with CEC <20, we observed an aboveground biomass
response to N fertilization (Table 2.3). Contradictory observations were observed on soil
with CEC >20 in which no aboveground biomass response was observed (Table 2.4). Our
research suggests that although aboveground biomass differences were observed among
application times and N sources (CEC <20), the most critical factor corresponding to
grain yield increases appears to be N rate. Congruently, Salvagiotti et. al. (2009) reported
soybean biomass increases to early and late season N fertilizer additions resulting in
greater soybean grain yields, however application timings did not differ. Overall, N
fertilizer applications positively impacted soybean aboveground biomass on soil with
CEC <20, while soil with CEC >20, comprised of greater organic matter content (>1%)
showed no response to any experimental factor for aboveground biomass.
A soybean grain yield response to N fertilization was observed in our research on
both soil with CEC <20 and soil with CEC >20 (Table 2.3 and 2.4). Consistent across
soils, mean grain yields were increased when supplemental N was applied to soybean
(Table 2.8 and 2.10). Our research suggests that although differences were observed
across N sources (CEC <20), N source appears to not be as critical with respect to yield
benefits from N additions. For the soil with CEC <20 mean soybean yield from the 0 kg
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N ha-1 was 5764 kg ha-1, while the 0 kg N ha-1 yield was 4626 kg ha-1 for soil with CEC
<20. Other researchers have denoted similar yield levels as one that biological N fixation
may not alone be able to meet soybean N requirement and yields may benefit from N
fertilization (Salvagiotti, 2008). A response was observed to N fertilization on soil with
CEC >20 and on soil with CEC <20 coinciding with numerous authors suggestions that N
addition to soybeans yielding >4500 kg ha-1 would result in grain yield increases
(Salvagiotti, 2008; Wesley et al.,1998).
N fertilizer additions were conceivably able to supply available N at critical stages
of soybean development (R3-R5) and a grain yield increase was observed due to N
fertilization across soils. Previously reported research suggests soybean relying on
biologically fixed N for growth may achieve only 80 to 90% of yield possible with N
fertilization (Sisbury, 1977; Ryle et al., 1979; Thies et al.,1991). Our research suggested
that pooled across N rate average yield increases above soybean receiving no N (0 kg N
ha-1) were approximately 3.24% on soil with CEC <20, whereas a 5.74% yield increase
was achieved on soil with CEC >20 with N fertilizer addition. While a 10% yield
increase was not observed, soybean did respond to N fertilizer additions suggesting
insufficient soil-N availability to meet soybean N requirement. Although soil-N may
plausibly have been insufficient for requirements during soybean pod fill, remobilization
of N within the plant itself could have compensated for some percentage of this N
insufficiency with little fitness cost incurred. Furthermore, Mastrodomenico and Purcell
(2012) suggested that a typical soybean growing in the midsouthern U.S. would scavenge
approximately 90% of the needed N from the atmosphere. The authors’ research also
suggested that peak N demand was not met by atmospheric N2 fixation alone and a net
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deficit resulted in remobilization of N from tissues to seed (Mastrodomenico and Purcell,
2012). Overall, N fertilizer applications positively impacted soybean grain yield
regardless of application timing across soils.
In our research on both soil with CEC <20 and soil with CEC >20, we observed a
response to N fertilization for yield component analysis paralleling observations with
overall soybean grain yield increases. Constant across soils, mean total seeds plant-1 were
increased when supplemental N was applied to soybean (Table 2.12 and 2.15).
Salvagiotti et al. (2009) documented similar results in which N fertilization increased
mean total seed number correlating to increases in overall soybean grain yield. Our
research suggests that yield component measurements parallel the trend observed with
overall soybean grain yield. The main effect of N rate was observed to influence grain
yield as influenced by mean total number of seeds and mean total number of pods plant-1
(CEC <20).
Nitrogen availability due to N fertilizer additions was conceivably able to account
for increased N uptake by the soybean plant resulting in greater dry matter accumulation,
partitioned as seed, during reproductive stages, therefore increasing soybean grain yield
along with yield components. Previous studies have shown that grain yield is controlled
by seed size m-2 and seed m-2, while secondary components seed pod-1 and pod m-2 were
found to influence seed size m-2 and seed m-2 (Kahlon 2010). Increases in mean total
seeds plant-1 due to N fertilization suggests that N availability during soybean
reproductive stages was positively associated with the number of seeds the soybean plant
was able to produce. Our research conducted on yield component analysis paralleled the
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trend observed on soybean grain yield, wherein mean total seed number plant-1 was
increased due to N fertilization yielding greater overall soybean grain yields.
Summary
The ultimate goal of this research was to provide a greater understanding of the
early- and/or late-season N fertilizer response of soybean in a high yielding environment
and provide data for accurate management decisions on the use of supplemental N
addition for soybean cultivated in high yielding environments. Our research compared the
influence of N fertilizer additions on two commonly cropped soils in Mississippi, soil
with CEC <20 and soil with CEC >20. Minimal differences among soybean grain yield
increases due to N fertilization were observed across soils.
Soybean aboveground biomass was observed to be influenced by the main effects
of application timing, N source, and N rate on soil with CEC <20. Soil with CEC >20
exhibited no response across all factors with respect to aboveground biomass, plausibly
due to the greater organic matter content. Nitrogen application at V4 produced greater
aboveground biomass at R5 on soil with CEC <20. However, increases in aboveground
biomass due to application timing showed no influence on grain yield in our research
possibly due to the amount of available N during pod fill being greater for R1 application
timing compared to that of V4 application timing on soil with CEC <20. Urea+NBPT
was observed to produce the greatest aboveground biomass on soil with CEC <20.
However, no association from biomass to grain yield was observed as PCU produced the
greatest grain yield on soil with CEC <20, suggesting PCU was able to supply available
N at critical times of N uptake. The slow release characteristics of PCU could have
resulted in the least antagonism between NO3--N concentration within the soil solution
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and the N2 fixation process, possibly limiting nodule inhibition on soil with CEC <20.
However, with respect to overall soybean grain yield N rate appears to be the most
critical factor. Across soils, N fertilizer additions were able to supply available N at
critical stages of soybean development (R3-R5) and grain yield increases were observed
due to N fertilization. Yield component analysis exhibited a similar trend to that of
overall soybean grain yield as N rate appeared to be the most critical factor.
N fertilizer additions positively impacted soybean grain yields across soils,
suggesting that soil-N concentrations were insufficient to meet soybean N requirement in
a high yielding environment. Remobilization of tissue N within the plant may have
accounted for some percentage of the excess N requirement during pod fill. However,
yield increases were observed across soils due to N fertilization suggesting that available
soil-N was able to fulfill the N requirement during critical stages of soybean grain
development. Although yield increases were observed to be less than the levels suggested
by others (Salvagiotti, 2008; Wesley et al.,1998), N fertilizer additions were able to fulfill
the N requirement and increase the overall grain yields of the soybean plant in high
yielding environments on two common Mississippi soils in the mid-south production
system

37

Table 2.1

Selected soil chemical properties (n=10) of research sites managed at the
Delta Research and Extension Center in 2014 and 2015.

Site-year

Mehlich-3 extractable nutrients

Soil
pH

O.M.

CEC

(1:2)

(%)

meq/
100g

- - - - - - - - - - - - - - -mg kg-1- - - - - - - - - - - - - - -

Commerce 2014

6.6

0.5

10.1

19

192

1133

234

17

8

2.1

Tunica 2014

6.9

1.8

28.4

111

432

4128

971

38

15

6.9

Dubbs 2015

6.3

0.7

11.1

29

263

1171

254

13

10

3.5

Tunica 2015

6.8

1.7

29.7

105

421

4163

991

29

18

7.0

Table 2.2

P

K

Ca

Mg

Na

S

Zn

Selected dates of agronomic management events for research trials managed
at the Delta Research and Extension Center in 2014 and 2015 for research
trials evaluating N addition to soybean.

Site-year

Planting
Date

V4
Application
Date

R1
Application
Date

R5
Biomass
Samples

Harvest
Date

- - - - - - - - - - - - - - - - - - - -Month/day- - - - - - - - - - - - - - - - - - - Commerce
VFSL 2014

4/19

5/27

6/4

7/9

9/30

Tunica Clay
2014

5/8

6/12

6/18

8/5

10/22

Dubbs Silt Loam
2015

4/16

5/22

5/29

7/1

9/10

Tunica Clay
2015

4/30

6/5

6/11

7/27

9/16
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Table 2.3

Analysis of variance p-values for soybean yield, Total aboveground
biomass, total pods, total seeds, and total seed weight as influenced by N
source, N application timing, N rate and their significant interactions for
experiments conducted on soil with CEC <20 during 2014 and 2015 at the
Delta Research and Extension Center.
Measurement

Source

df

Soybean
yield

Aboveground
Biomass

Total
Pods

Total
Seeds

Total Seed
Weight

- - - - - - - - - - - - - - - - - - - - -p value- - - - - - - - - - - - - - - - - - -Aptime

1

0.4890

0.0049

0.8418

0.8507

0.3363

Nsource

2

0.0336

0.0065

0.3608

0.5457

0.5975

Aptime*Nsource

2

0.9618

0.4938

0.2785

0.1589

0.7708

Nrate

4

0.0099

0.0050

0.0006

0.0007

0.4539

Aptime*Nrate

4

0.4058

0.6095

0.1504

0.1405

0.0223

Nsource*Nrate

8

0.1214

0.4104

0.0973

0.2494

0.0936

Aptime*Nsource*Nrate

8

0.0666

0.7558

0.7700

0.8767

0.5673
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Table 2.4

Analysis of variance p-values for soybean yield, Total aboveground
biomass, total pods, total seeds, and total seed weight as influenced by N
source, N application timing, N rate and their significant interactions for
experiments conducted on soil with CEC >20 during 2014 and 2015 at the
Delta Research and Extension Center.
Measurement

Source

df

Soybean
yield

Aboveground
Biomass

Total
Pods

Total
Seeds

Total Seed
Weight

- - - - - - - - - - - - - - - - - - - - -p value- - - - - - - - - - - - - - - - - - -0.5417
0.8408
0.8456
0.8956
0.9124

Aptime

1

Nsource

2

0.1210

0.1705

0.9229

0.9367

0.6150

Aptime*Nsource

2

0.2223

0.7456

0.0011

0.0069

0.0634

Nrate

4

0.0042

0.9238

0.0645

0.0145

0.0170

Aptime*Nrate

4

0.7461

0.9603

0.3152

0.5246

0.2781

Nsource*Nrate

8

0.4822

0.5433

0.9970

0.9991

0.9385

Aptime*Nsource*Nrate

8

0.4718

0.8686

0.6826

0.8170

0.9089

Table 2.5

The main effect of application timing pooled across N rate and N source as
it influenced soybean aboveground biomass for research established on soil
with CEC <20 during 2014 and 2015 at the Delta Research and Extension
Center.
Application time

Aboveground Biomass†

V4

kg ha-1
4050 a

R1

3830 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

40

Table 2.6

The main effect of N source pooled across application timing and N rate as
it influenced soybean aboveground biomass for research established on soil
with CEC <20 during 2014 and 2015 at the Delta Research and Extension
Center.
N Source¥

Aboveground Biomass†
kg ha-1

AMS

3903 b

PCU

3810 b

Urea+NBPT

4109 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

¥(PCU-polymer coated urea, AMS-ammonium sulfate)

Table 2.7

The main effect of N rate pooled across application timing and N source as
it influenced soybean aboveground biomass for research established on soil
with CEC <20 during 2014 and 2015 at the Delta Research and Extension
Center.
N rate

Aboveground Biomass†

kg N ha-1

kg ha-1

0

3751 c

45

3849 bc

90

3872 bc

135

4161 a

179

4069 ab

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)
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Table 2.8

The main effect of N rate pooled across application timing and N source as
it influenced soybean grain yield for research established on soil with CEC
<20 during 2014 and 2015 at the Delta Research and Extension Center.
N rate

Grain yield†

kg N ha-1

kg ha-1

0

5764 b

45

5941 a

90

5901 ab

135

5975 a

179

6011 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 2.9

The main effect of N source pooled across application timing and N rate as
it influenced soybean grain yield for research established on soil with CEC
<20 during 2014 and 2015 at the Delta Research and Extension Center.
N Source¥

Grain yield†
kg ha-1

AMS

5935 ab

PCU

5984 a

Urea+NBPT

5836 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

¥(PCU-polymer coated urea, AMS-ammonium sulfate)

Table 2.10

The main effect of N rate pooled across application timing and N source as
it influenced soybean grain yield for research established on soil with CEC
>20 during 2014 and 2015 at the Delta Research and Extension Center.
N rate

Grain yield†

kg N ha-1

kg ha-1

0

4626 b

45

4818 ab

90

5023 a

135

4827 ab

179

4963 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)
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Table 2.11

The main effect of N rate pooled across application timing and N source as
it influenced mean total pods plant-1 for research established on soil with
CEC <20 during 2014 and 2015 at the Delta Research and Extension Center.
N rate

Mean Total Pods†

kg N ha-1

# pods plant-1

0

42 b

45

45 a

90

46 a

135

46 a

179

47 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 2.12

The main effect of N rate pooled across application timing and N source as
it influenced mean total seeds plant-1 for research established on soil with
CEC <20 during 2014 and 2015 at the Delta Research and Extension Center.
N rate

Mean Total Seeds†

kg N ha-1

# seeds plant-1

0

111 b

45

120 a

90

122 a

135

121 a

179

124 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)
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Table 2.13

The significant interaction of application timing × N rate pooled across N
source as it influenced mean total seed weight plant-1 for research
established on soil with CEC <20 during 2014 and 2015 at the Delta
Research and Extension Center.
N rate
kg N ha-1
0

Application Timing†
V4

R1

Mean Total Seed Weight
- - - - - - - - - - - - - -g plant-1- - - - - - - - - - - - - 23.18 bc
23.18 bc

45

26.42 a

22.30 bc

90

24.44 ab

21.01 c

135

23.44 bc

24.51 ab

179

23.69 bc

24.12 ab

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 2.14

The significant interaction of application timing × N source pooled across N
rate as it influenced mean total pods plant-1 for research established on soil
with CEC >20 during 2014 and 2015 at the Delta Research and Extension
Center.
N Source¥

AMS

Application Timing†
V4

R1

Mean Total Pods
- - - - - - - - -# pods plant-1- - - - - - - - 58 a
51 b

PCU

59 a

51 b

Urea+NBPT

56 ab

54 ab

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

¥(PCU-polymer coated urea, AMS-ammonium sulfate)
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Table 2.15

The main effect of N rate pooled across application timing and N source as
it influenced mean total seeds plant-1 for research established on soil with
CEC >20 during 2014 and 2015 at the Delta Research and Extension Center.
N rate

Mean Total Seeds†

kg N ha-1

# seeds plant-1

0

127 b

45

142 a

90

147 a

135

143 a

179

145 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 2.16

The significant interaction of application timing × N source pooled across N
rate as it influenced mean total seeds plant-1 for research established on soil
with CEC >20 during 2014 and 2015 at the Delta Research and Extension
Center.
N Source¥

AMS

Application Timing†
V4

R1

Mean Total Seeds
- - - - - - - - -# seeds plant-1- - - - - - - - 148 ab
134 bc

PCU

150 a

133 c

Urea+NBPT

143 abc

137 abc

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

¥(PCU-polymer coated urea, AMS-ammonium sulfate)
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Table 2.17

The main effect of N rate pooled across application timing and N source as
it influenced mean total seed weight plant-1 for research established on soil
with CEC >20 during 2014 and 2015 at the Delta Research and Extension
Center.
N rate

Mean Total Seed Weight†

kg N ha-1

g plant-1

0

21.53 b

45

23.45 a

90

24.76 a

135

24.51 a

179

23.74 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)
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CHAPTER III
SOYBEAN NODULE INHIBITION AND ROOT GROWTH AS INFLUENCED BY
NITROGEN SOURCE AND NITROGEN RATE.

Abstract
Greenhouse studies were conducted in 2016 in Stoneville, MS, to evaluate the
influence of supplemental N fertilization on nodule formation and root growth of soybean
(Glycine max (L.) Merr.). Two N sources were applied at three N rates across two soils
commonly cropped to soybean in Mississippi. Soil with CEC <20 was observed to
produce greater belowground biomass than that of soil with CEC >20 directly
corresponding to all other root parameters. N fertilizer additions pooled across N rate
resulted in an approximate 19% belowground biomass reduction across soils compared
with soybean receiving no N (0 kg N ha-1). However, soybean total aboveground biomass
exhibited no response to N fertilizer additions. Soil variation influenced root parameters
as soil with CEC <20 producing greater mean root length, root area, root diameter, and
number of nodules present. Across soils and N source, the main effect of N rate was
observed to be most critical as it influences soybean root growth. Soybean receiving N
fertilization were observed to exhibit a decrease across all belowground parameters
compared with soybean receiving no N (0 kg N ha-1). N fertilizer additions (> 0 kg N ha1

) were observed to result in an approximate 52% decrease in mean number of nodules

present when compared to that of soybean receiving no N (0 kg N ha-1).. Overall, N
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fertilizer additions negatively impacted root growth and nodulation as a decrease across
all belowground parameters was observed for soybean receiving N fertilization.
Introduction
Soybean [Glycine max (L.) Merr.] is one of the main agricultural grain crops
produced in the U.S. The growth in soybean production can be partially attributed to the
high protein grain which it produces (Lusas, 2012). Soybean produces more edible
protein ha-1 of arable land than any other major annual crop; therefore soybean meal is
currently the world’s major source of feed protein (Lusas, 2012). In 2013, approximately
76,533,000 ha of soybean were cultivated in the U. S. with an average yield of 2910 kg
ha-1 (USDA-NASS, 2014). Average yields in the state of Mississippi have risen from
1318 kg ha-1 in 1995 to 2887 kg ha-1 in 2015 (USDA-NASS 2016). This steady increase
in yield can be attributed to genetic and agricultural management advances over the same
time period. Soybean production continues to increase especially in high yield
environments (> 4500 kg ha-1) throughout the U.S. (Specht, 1999; Ustun, 2001).
The cultivated soybean is an erect, bushy annual plant of great morphological
diversity (Carlson, 1973). Soybean varies in height from 0.3 to 2.0 m and may be
sparsely or densely branched (Carlson, 1973). The soybean has different types of leaves:
simple cotyledons, simple primary, and trifoliates (Lersten and Carlson 2004). Plants
produce papilionaceous flowers borne in short axillary or terminal racemes bearing up to
35 flowers per cluster (Carlson, 1973). Soybean produces fruiting pods which upon
reaching maturity contain one to four seeds each, generally averaging 3 seeds.
Soybean nutrient requirements vary by growth stages; differing nutrient content is
necessary for the vegetative growth and reproduction of the soybean plant. During
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vegetative growth stages average daily nutrient uptakes are minimal, being much less
than 1 kg ha-1 d-1 for N, P, and K (Ohlrogge and Kamprath, 1968). In the second and third
month after soybean emergence or reproductive growth stages, the requirements may
reach 8.96 kg N ha-1, .45 kg P ha-1, and 4.48 kg K ha-1 d-1 (Ohlrogge and Kamprath,
1968). Total nutrient requirements throughout the growing season may reach 359 kg ha-1
N, 90 kg ha-1 P, and 157 kg ha-1 K for a 4032 kg ha-1 yielding soybean (Ohlrogge and
Kamprath, 1968)
Belonging to the Leguminosae family the soybean has the capacity to acquire N
from the atmosphere through biological fixation as well as the ability to utilize available
soil derived N (Heatherly and Hodges, 1999). Symbiotic biological N fixation allows for
the soybean to fulfill its high N demand in many production situations. In order for
symbiotic N fixation to occur within the soybean Bradyrhizobia spp. Bacteria infects the
plant, forming special structures called nodules, the plant then provides carbohydrates
and mineral nutrients to the bacteria, while the bacteria provides N to the host plant
creating a symbiotic relationship (Heatherly and Elmore, 2012). Nodules containing the
bacteria are formed on the root of the plant and major characteristics of these nodules
include Rhizobium cells that have differentiated into bacteroids, a form capable of N2
reduction; the bacteroid-containing plant cells, which provide energy and O2 protection
for N2 fixation as they absorb and integrate NH3; and vascular tissue for importing
photosynthate and exporting fixed-N compounds (Phillips and Dejong, 1984).
Nitrogen requirements exist throughout the development of a plant in order to
maintain growth, as it is a constituent of structural and nonstructural components of the
cell (Schrader, 1984). Nitrogen is required in the greatest quantity of all plant nutrients
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absorbed from the soil, and is present in all amino acids, which are the building blocks of
protein, nucleic acids, and chlorophyll, required by all plants (Jones et al., 1991).
Symbiotic biological N fixation, uptake of residual N, or N fertilizer are the main sources
for meeting the N requirements of soybeans in high yielding environments. Soybean
plants utilize either direct root uptake of NO3- or NH4+ from the soil environment or the
N2 fixed from the atmosphere by rhizobium in root nodules. However, it has been
reported that the minimum theoretical biological cost of N assimilation via N2 fixation
can be as much as 36% greater than that for NO3- uptake and reduction (Pate and Layzell,
1990).
The amount of N2 fixed by biological N fixation is primarily controlled by four
principal factors; the effectiveness of the rhizobia-host plant symbiosis, the strength of
the sink, (i.e., the ability of the host plant to accumulate N) the amount of available soilN, and environmental constraints to N2 fixation (Van Kessel and Hartley 1999).
Antagonism between NO3--N concentration in the soil solution and the N2 fixation
process in nodules is the main constraint soybean faces in terms of increasing N uptake
(Streeter, 1988). To increase the yield potential of soybean, the added soil-N must not
interfere with N2 fixation by hindering the ability of root nodules to form or receive N
from the air. Observations with starter fertilizer N application have shown negative
effects on the formation of root nodules at critical growth stages and decreased biological
N fixation by restricting the amount of available N via biological N fixation (Johnson,
1987; Varco, 1999). Maximum N2 fixation has been reported to occur between R3 and
R5 stage of soybean development and any difference between crop N demand and N
supply by fixation must be met by N uptake from other sources (Zapata et al., 1987).
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Nitrogen must then be either absorbed from the soil or remobilized within the plant from
the leaves to the developing seeds within the pods.
Remobilization of N from leaves of the plant to developing seeds has been
suggested to accelerate plant senescence and shorten seedfill period (Sinclair and deWit
1976). Nitrogen in the plant exists in leaves primarily as ribulose biphosphate
carboxylase/oxygenase with a strong relationship between N per unit leaf area and
photosynthesis (Sinclair, 2004). Therefore, if N demand must be met by the
remobilization of N within the plant yield potential can decrease with a decrease in plant
photosynthesis, accelerated senescence, and shortened seedfill period due to the loss of N
content in the leaves. In order to reach maximum yield potential of the plant, any N
required to maximize pod fill but above the quantity supplied from biological N fixation
alone must theoretically be derived from soil-N.
Previous literature regarding biological N fixation have shown that plants relying
on fixed N for growth may achieve only 80 to 90% of the yield possible with N
fertilization (Sisbury, 1977; Ryle et al., 1979; Thies et al.,1991). Harper (1974) reported
only 25 to 60% of N in soybean dry matter originated from symbiotic N2 fixation, the
remainder was supplied from soil-N. Although biological N fixation accounts for much
of the soybean N requirement; additional N fertilization may be necessary to achieve
maximum soybean yield.
The primary objective of this research was to evaluate the influence of
supplemental N fertilization on nodule formation and root growth. Secondary objectives
were i) Determine if N source had an effect on nodulation and root growth, ii) Identify
differences in N rate on nodulation and root growth and iii) Identify differences in
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Nodulation response on two common Mississippi soils cropped to soybean. The ultimate
goal of the research is to provide a greater understanding of N fertilizer effects on
nodulation and root growth of soybean plant. We hypothesized that N fertilizer additions
at the V4 growth stage would negatively influence nodule formation and root growth.
Materials and Methods
Description of Site
A greenhouse experiment was conducted in 2016 at the Mississippi State
University Delta Research and Extension Center in Stoneville, MS (DREC, N 33o
25.26.0’-W 90o 54.37.5’), to evaluate nodule formation and inhibition to supplemental N
fertilization. Soil from field test sites, Dubbs Silt Loam (Fine-silty, mixed, active, thermic
Typic Hapludalfs) (CEC <20) and a Tunica Clay (Clayey over loamy, smectic over
mixed, superactive, nonacid, thermic Vertic Epiaquepts) (CEC >20) was collected.
Collected soil was allowed to air dry, then placed in pots measuring 25.4-cm in diameter
and 17.8-cm in depth. Soybean variety Pioneer ‘49t80’ (DuPont Pioneer, P.O. Box 1000
Johnston, IA) was inoculated with Optimize liquid LCO promoter (Monsanto BioAg, 800
North Lindbergh Blvd. St Louis, MO), then seeded into pots at 10 seeds per pot. After
soybean emergence and stand establishment, plants were thinned to 3 plants per pot.
Greenhouse temperatures were 32/25 C (± 3 C) day/night, plants were supplemented with
light from sodium vapor lamps set to a 14-h photoperiod, and irrigated as needed.
Treatments
Two N sources, urea+NBPT (46-0-0) and polymer encapsulated urea (PCU; 44-00) were chosen for their availability and common use in Mississippi and the midsouthern
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U.S.. The PCU product utilized was Environmentally Smart Nitrogen (Agrium Inc.
13131 Lake Fraser Drive S.E. Calgary, Alberta). Environmentally Smart Nitrogen is
characterized by Agrium as having 80% N release at a minimum of 30 d and a maximum
of 60 d (23oC) (Agrium U.S. Inc., 2004). The NBPT product Agrotain (Koch Agronomic
Services, 4111 East 37th St N Wichita, KS) was utilized to coat dry urea fertilizer and
limit N loss from urea via ammonia volatilization.
Each N source was applied at three total N rates; 0 kg N ha-1, 45 kg N ha-1 and
135 kg N ha-1. N applications were made by hand to randomly assigned pots at the V4
soybean growth stage. After N application pots were immediately watered and plants
allowed to reach R2 growth stage, which occurred approximately two weeks later. At R2,
soybean plants were removed from pots and root systems were thoroughly washed to
remove all soil and keep root system intact. Plants were then allowed to dry for a one day
period before data collection.
Measurements
After the one day drying period plants were taken to the lab to be analyzed.
Biomass, per pot, was measured for whole plants using a calibrated Denver Instrument
Company XE series model 400 balance (Denver Instrument Company, 5 Orville Dr.;
Bohemia, NY). The roots and shoots were then separated for each plant at the soil line
and root and shoot biomass was separately measured utilizing the same balance. Root
systems, per pot, were then scanned into WinRhizo software (Regent Instruments
Incroporated, 2672 Ch Ste-Foy; Ville de Quebec, Canada). WinRhizo analysis was
performed measuring total root length, root surface area, average diameter of the root,
root volume and number of total nodules.
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Statistics
Greenhouse experiments were arranged as a randomized complete block design
with 2 (N source) × 3 (N rate) factorial treatment arrangement. Each treatment was
replicated three times and the study was repeated twice. Mean parameters for total
belowground biomass, total aboveground biomass, total root length, root surface area,
mean root diameter, root volume and number of nodules were calculated across replicates
and analyzed utilizing soil as a factor.
Data was subjected to ANOVA using the PROC MIXED procedure in SAS v. 9.4
(SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with
experimental replication (nested within Soil) as random effects parameter (Blouin et al.
2011). Type III Statistics were used to test the fixed effects of Soil, N Source, and N rate
for root biomass, shoot biomass, total root length, root surface area, average diameter of
the root, root volume, and number of nodules. Least square means were calculated and
mean separation (p < 0.05) was produced using PDMIX800 in SAS, a macro for
converting mean separation output to letter groupings (Saxton 1998).
Results
Total Belowground Biomass
Total belowground biomass was influenced by the main effects of soil and N rate
(Table 3.1). Averaged across N rate and N source, mean belowground biomass of
soybean seeded to soil with CEC <20 (1.44 g) was greater when compared to
belowground biomass observed on soil with CEC >20 (1.23 g). Mean belowground
biomass was approximately 15% less for soybean seeded to soil with CEC >20 (Table
3.2). Differences in soybean growth habit on differing soil textures is not uncommon and
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has been observed by previous researchers (Hallmark, 1981; Russell et al., 1975). Root
systems have been shown to differ across soil textures for multiple crops including corn
(Zea mays L.), rice (Oryza sativa L.) and cotton (Gossipium hirsuitum L.) (Fenrenbacher
and Rust, 1956; Obermueller and Mikkelson, 1974; Taylor and Gardner, 1963).
Averaged across soil texture and N source the main effect of N rate significantly
influenced total belowground biomass yield (Table 3.1). Pooled across soil and N
sources, 0 kg N ha-1 produced greater (1.53 g) belowground biomass than N rates > 0 kg
N ha-1 (Table 3.3). Nitrogen rates greater than 0 kg N ha-1 (45 and 135 kg N ha-1)
produced similar belowground biomass. N fertilizer additions resulted in an approximate
19% belowground biomass reduction across soil textures when compared to that of 0 kg
N ha-1. Greater N availability in the soil corresponded to less root growth during the latter
vegetative and early reproductive stage of the soybean.
Total aboveground Biomass
Total aboveground biomass was not influenced by soil, N source, N rate or their
interactions (Table 3.1). Alternative to the N rate response observed influencing root
biomass, N fertilizer additions did not affect total aboveground biomass. Similar results
were achieved by Russell et al. (1975) in which they observed differing soil
environmental factors significantly affected root growth; however, shoot growth was not
influenced during the vegetative and early reproductive stages.
Root Length
Mean root length was influenced by the main effects of soil and N rate (Table
3.1). Averaged over N source and N rate, mean root length on soybean seeded to soil
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with CEC <20 (819.45 cm) was greater when compared to mean root length observed on
soil with CEC >20 (584.52 cm). Mean root length was approximately 29% less for
soybean seeded to soil with CEC >20 (Table 3.2). Previous research on root growth
across soil textures has shown that as clay content increases, increasing CEC, the rate of
root elongation decreases (Goss and Russell, 1980; Logsdon et al., 1987; Cannell and
Hawes, 1994).
Mean root length was altered by the influence of N rate (Table 3.1). An inverse
relationship was observed with the greatest mean root length occurring when 0 kg N ha-1
was applied at V4 and the least mean root length observed on soybean that received 135
kg N ha-1 (Table 3.3). Comparing N application rate, mean root lengths were similar
between 0 and 45 kg N ha-1, and between 45 and 135 kg N ha-1. Similarly, previous
research has reported decreases in corn (Zea mays L.) root length with increasing excess
N supply (Eghball, 1993; Chen et al., 2015).
Root Area
Similar to root length, mean root area was also affected by soil and N rate (Table
3.1). Pooled across N source and N rate, soybean seeded to soil with CEC <20 produced
greater mean root area (139.4 cm2) than the mean root area observed for soybean seeded
to soil with CEC >20 (87.6 cm2; p = .05). A 37% decrease in overall mean root area was
observed for soybean seeded to soil with CEC >20 compared to soybean seeded to soil
with CEC <20 (Table 3.2).
The main effect of N rate when pooled across N source and soil influenced overall
mean root area (Table 3.1). The N rate of 135 kg N ha-1 produced the least overall mean
root area averaging 98.1 cm2. Untreated soybean (0 kg N ha-1) produced the greatest
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overall mean root area at 130.2 cm2. Similar to 0 and 135 kg N ha-1, 45 kg N ha-1
produced an overall mean root area of 112.2 cm2. In general, as N rate increased overall
root area decreased (Table 3.3). There was no difference observed among N rates > 0 kg
N ha-1, however an approximate 19% reduction in soybean overall mean root length was
observed in response to N fertilization.
Root diameter
Mean root diameter was influenced by the main effects of soil and N rate (Table
3.1). Averaged over N source and N rate, mean root diameter on soybean seeded to soil
with CEC <20 (.5310 mm) were greater when compared to mean root diameter observed
on soil with CEC >20 (.4789 mm). Similar to other experimental parameters a 10%
decrease in mean root diameter was observed for soybean seeded to soil with CEC >20
when compared to that of soybean seeded to soil with CEC <20 (Table 3.2).
Averaged across N source and soil the main effect of N rate significantly
influenced soybean mean root diameter (p = .0361). N rate 0 kg N ha-1 produced the
greatest mean root diameter (.5236 mm). While N rates > 0 kg N ha-1 (45 and 135 kg N
ha-1) produced mean root diameters similar to one another, but significantly less than that
of 0 kg N ha-1 (Table 3.3). N fertilizer additions were observed to cause an approximate
5% decrease in overall mean root diameter when compared to plants receiving no N (0 kg
N ha-1).
Root Volume
Mean root volume was observed to not be affected by the main effects of N
source, soil, or their interactions. Averaged across soil and N source the main effect of N
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rate was observed to significantly influence mean soybean root volume (p = .0180).
Untreated soybean (0 kg N ha-1) produced the greatest mean overall root volume (1.76
cm3). N rate 135 kg N ha-1 produced the numerically least mean overall root volume (1.25
cm3). Comparing N application rate mean root volume was observed to be similar
between 0 and 45 kg N ha-1, and between 45 and 135 kg N ha-1 (Table 3.3). Mean
soybean root volume was observed to be negatively influenced by N fertilizer additions
resulting in an approximate 24% decrease in overall mean root volume when compared to
soybean receiving no N (0 kg N ha-1).
Number of Nodules
The mean number of nodules present was observed to be significantly influenced
by the main effects of soil, N source, and N rate. Pooled across N source and N rate, the
main effect of soil significantly influenced the mean number of nodules present (p =
.0048). Soybean seeded to soil with CEC <20 produced a greater amount of nodules
when compared to soybean seeded to soil with CEC >20. Mean total nodule counts
averaged 52 and 42 nodules per three plants for soil with CEC <20 and CEC >20,
respectively (Table 3.4). Similar to previous parameters the average number of nodules
coincides with overall root growth of the plant as the soil with CEC <20 exhibited both
greater root growth and a greater mean number of nodules present. In general root growth
and nodulation on the soil with CEC <20 were observed to be greater than that of soil
with CEC >20.
Pooled across soil and N source, the main effect of N rate influenced the average
number of nodules present (p = <.0001). Soybean receiving no N (0 kg N ha-1) were
observed to exhibit the greatest number of nodules present (72 nodules per three plants).
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N rates > 0 kg N ha-1 (45 and 135 kg N ha-1) were observed to produce similar average
number of nodules present to one another, while significantly less than N rate 0 kg N ha-1
(Table 3.5). These observations directly correspond with previous research suggesting
that as soil nitrate levels increase, nodule formation decreases due to plant autoregulatory
factors (Buttery et al., 1990; Eskew et al., 1989). N fertilizer additions resulted in an
approximate 52% decrease in mean number of nodules present when compared to that of
soybean receiving no N (0 kg N ha-1). N fertilizer additions negatively influenced the
number of nodules present with N availability directly corresponding to a decrease in the
mean number of nodules present.
The main effect of N source, when averaged across soil and N rate, significantly
influenced the mean number of nodules present (Table 3.1). Soybean receiving N
fertilization utilizing PCU as the N source were observed to exhibit a greater number of
nodules per pot than soybeans receiving N fertilization utilizing urea+NBPT as the N
source (Table 3.6). Similarly, research carried out by Salvagiotti et al. (2009) suggested
that a slow-release urea fertilization treatment maintained biological N fixation levels
similar to those of an unfertilized control. Soybean receiving urea+NBPT as the N source
resulted in an approximate 19% decrease in mean number of nodules present when
compared to soybean receiving N source PCU.
Discussion
Root systems of plants have been thoroughly evaluated by many (Taylor and
Gardner, 1963; Jones, 1991; Gregory, 1994). Our research suggests that N addition at
early season growth stages does not impact total aboveground biomass, but can have a
profound influence on below ground portions of the soybean plant. In general for all
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belowground biomass parameters evaluated (root length, root area, root diameter, root
volume and total number of nodules) soil significantly influenced root growth and
development. Soybean seeded to soil with CEC >20 produced less belowground biomass
and had limited root development characteristics when compared to soybean seeded to
soil with CEC <20. Corresponding with our study, previous research observing root
growth across soil textures has suggested that as clay content increases, increasing CEC,
the rate of root elongation decreases (Goss and Russell, 1980; Logsdon et al., 1987;
Cannell and Hawes, 1994). Similarly, research conducted across differing soil textures
suggested that although root growth was significantly influenced by soil environmental
factors, shoot growth was not influenced through early vegetative stages (Russell et al.
1975).
Across soil and N source, the main effect of N rate appeared to be most critical as
it influenced soybean root growth. N fertilizer additions negatively impacted root growth
as a decrease across all experimental parameters was observed for soybean receiving N
fertilization. Belowground biomass decreases were observed for all rates > 0 kg N ha-1,
paralleling other observed parameters. Although soybean belowground biomass was
significantly influenced, soybean aboveground biomass was unaffected due to N
fertilization. Our observations suggest that although root growth was decreased, adequate
nutrients were able to be taken up and converted to vegetative growth by the soybean
plant at the R2 growth stage. Nitrogen availability directly corresponded to a decrease in
root growth parameters along with the mean number of nodules present. Soybean
receiving PCU as a N source were observed to exhibit a greater number of nodules per
potthan soybean fertilized with urea+NBPT. The extended release properties of PCU
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plausibly provided less available N to the plant thereby limiting soil-N concentrations and
corresponding to a decrease in nodule inhibition due to N fertilization. These
observations directly parallel previous research suggesting that as soil nitrate levels
increase, nodule formation decreases due to plant autoregulatory factors (Buttery et al.,
1990; Eskew et al., 1989). N fertilizer additions at the V4 soybean growth stage
negatively influenced soybean root growth parameters with greater N availability directly
corresponding to a decrease in root growth across soil texture and N source.
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0.6149

0.0882

0.0361

0.1805

0.0934

<0.0001

0.3685

0.4353

0.1177

0.0180

0.7348

0.6531

0.0517

0.9141

0.1163

0.2112

<0.0001

0.3275

0.0035

0.0048

- - - - - - - - - - - - - - - - - - - - - - - - - - - - -p value- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Above
Ground
Bio (g)

Measurement

Analysis of variance p-values for soybean total aboveground biomass, total belowground biomass, root length, root
area, root diameter, root volume, and number of nodules per three plants as influenced by Soil, N source, N
application time, N rate and their significant interactions for experiments conducted during 2016 at the Delta Research
and Extension Center.

Soil

Table 3.1
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584.52 b

87.58 b

139.38 a

cm2 per pot

Mean Root Area

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

1.23 b

Tunica Clay (CEC >20)

cm per pot

g per pot

819.45 a

Mean Root
Length

Mean Belowground
Biomass

1.44 a

Soil

Measurement†

0.4789 b

0.5310 a

mm

Mean Root Diameter

The main effect of soil pooled across N rate and N source as it influenced mean belowground biomass, mean root
length, mean root area, and mean root diameter for research established during 2016 at the Delta Research and
Extension Center.

Dubbs Silt Loam (CEC <20)

Table 3.2
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1.53 a
1.30 b
1.17 b

0

45

135

622.62 b

707.92 ab

775.42 a

cm per pot

Mean Root Length

98.10 b

112.17 ab

130.18 a

cm2 per pot

Mean Root Area

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

g per pot

kg N ha-1

Mean Belowground
Biomass

Measurement†

0.4929 b

0.4982 b

0.5236 a

mm

1.249 b

1.429 ab

1.763 a

cm3 per pot

Mean Root Diameter Mean Root Volume

The main effect of N rate pooled across soil and N source on mean belowground biomass, mean root length, mean
root area, mean root diameter, and mean root volume for research established during 2016 at the Delta Research and
Extension Center.

N rate

Table 3.3
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Table 3.4

The main effect of soil pooled across N source and N rate as it influenced
the mean number of nodules present per pot for research established during
2016 at the Delta Research and Extension Center.
Soil

Mean Number of Nodules†
# of nodules per pot

Dubbs Silt Loam (CEC <20)

52 a

Tunica Clay (CEC >20)

42 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 3.5

The main effect of N rate pooled across N source and soil as it influenced
the mean number of nodules present per pot for research established during
2016 at the Delta Research and Extension Center.
N rate

Mean Number of Nodules†

kg N ha-1
0
45
135

# of nodules per pot
72 a
38 b
33 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

Table 3.6

The main effect of N source pooled across N rate and soil as it influenced
the mean number of nodules present per pot for research established during
2016 at the Delta Research and Extension Center.
N source¥

Mean Number of Nodules†
# of nodules per pot
52 a
42 b

PCU
Urea+NBPT

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.05.)

¥(PCU – Polymer Coated Urea)
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APPENDIX A
SUPPLEMENTAL TABLES AND FIGURES
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Figure A.1
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Daily mean minimum and maximum air temperatures and atmospheric precipitation collected during 2014 by
Stoneville, MS weather station.

Figure A.2
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Daily mean minimum and maximum air temperatures and atmospheric precipitation collected during 2015 by
Stoneville, MS weather station.

